A plant breeding program needs to evaluate a large number of materials for different traits within a limited time. Near-infrared (NIR) spectroscopy has been used to quickly determine seed composition in various crop species. In this study, we compared whole-seed evaluations of protein and oil content by NIR methods in soybean [Glycine max (L.) Merr.], and then discussed the application to plant breeding. The differences among the entries tested were highly significant in both traits for each method used. No significant difference but high correlation and consistency existed between DA 7250 and wet-chemistry methods. Compared with DA 7250, ZX-50 exhibited, to some extent, differences or errors. The differences of ZX-50 methods were found to be correlated with seed sizes and could be corrected using regression equations formulated for bias calculation. After correction, the differences in the predictions between DA 7250 and ZX-50 methods were insignificant. Similar to DA 7250, ZX-50 methods exhibited a high repeatability (> 98%) of the predictions. By validation with 760 bulk samples of different seed types and 240 single-plant samples, it further demonstrated that as a non-destructive, fast and cost-efficient method, ZX-50 NIR analysis with an appropriate bias correction could be used in soybean breeding, specifically suitable for single plant selection based on whole seeds.
Introduction
In modern plant breeding, a breeder needs to assess large numbers (thousands and/or tens of thousands) of breeding materials for multiple traits within a limited period of time. Rapid and robust phenotypic evaluation is still a great challenge and a realistic demand in practical breeding for many quantitative traits of importance including nutrient components of crops [1] . High throughput phenotyping helps breeders to efficiently perform evaluations and timely select the desired genotypes in the breeding populations with complicated variations.
Soybean [Glycine max (L.) Merr.] is a major crop grown worldwide and plays an important part in the agricultural production, human food security and international trade. Soybean seed consists mainly of protein, oil, carbohydrates, minerals and water. On average, approximately 40% and 20% of dry seed weight in soybean are protein and oil, respectively. The usages of soybean are considerably dependent on the seed composition [2] . For instance, high-oil cultivars are expected for vegetable-oil processing and/or industrial uses such as biodiesel, while high protein content is usually preferred in human diet and soy-based food industries. Moreover, the physiochemical characteristics of seed may also affect soybean price [3] .
Seed protein and oil content are two of the most important seed composition and nutritional quality traits in soybean. Traditionally, concentrations of protein and oil are determined by lab wet chemical techniques, such as the Kjeldahl procedure and combustion nitrogen analysis for protein and Soxhlet method for oil [4, 5] . These conventional methods provide accurate and precise measurements of protein and oil content. However, they are time-and labor-consuming, cost-inefficient and high-lab input [1, 6, 7] , and also generate chemical residues [8] . These techniques need a trained technician to perform and cannot achieve multiple-constituent measurements for a single sample at the same time [9] . More importantly, they are seed-destructive and after analysis, no seed can be used for selection and planting. They are not suitable for and cannot satisfy a large-scale analysis and timely selection of thousands and/or tens of thousands of breeding materials. Thus, these techniques are undesirable for plant breeding, especially when a limited amount of seed is available [6, 7, 10] .
Near-infrared (NIR) spectroscopy is a fast, simple and non-destructive technology for analysis of chemical materials/nutrients in food and crops with little sample preparation [11, 12] . It offers fast response, automatic reading and recording, easy operation and limited space required, and in particular, simultaneous analysis of multiple parameters [13, 14] . NIR spectroscopy is such a technology that may meet the demand of plant breeding for a timely and large-scale evaluation, because it can measure seed composition traits relatively accurately, particularly protein and oil, much faster than other measurement techniques [11] .
Since the 1970s, NIR spectroscopy has been extensively used to determine the protein, oil and other chemical compounds in various crop species [11] , including soybean [1, [7] [8] [9] [15] [16] [17] [18] , corn [19, 20] , wheat [21] , rapeseed and chickpea [6] , sunflower [10] , rice and pigeon pea [9] . AACC International [22] has also recommended NIR method for the evaluation of protein, oil and moisture in soybean based on whole seed. An overview of NIR analysis for the characterization of plant varieties and cultivars has been presented by Biancolillo and Marini [23] . The seed samples used are mostly taken from combined or bulk harvested seed. Since the 2000s, researchers have also discussed the use of NIR spectroscopy to analyze nutrient content of single kernel instead of multiple-seed samples [13, 19, 20, [24] [25] [26] . However, single-seed selection is not so often conducted in plant breeding except for differentiating quantitative and qualitative seed composition mutants from normal seeds. There are still some limitations in using NIR spectroscopy for single seed analysis [11, 27] . For instance, seed size and morphological characteristics may cause the spectral variance within seeds of a same cultivar [27] . In addition, the percentage of seed nutrient components within a plant may vary and is associated with seed position where the seed developed [28] [29] [30] . The difference in seed composition attributed to seed position within a plant is not inheritable. In practical breeding, selection is typically based on individual plants and/or equivalents, and then the families or lines derived from the selected plants. Therefore, seed composition based on the bulked seeds from a single plant is more meaningful than that of a single seed and more useful for selection. However, use of NIR spectroscopy in the measurements of nutrient components of single plant has been rarely reported.
Perten DA 7250 manufactured by Perten Instruments AB, Sweden is a diffuse reflectance NIR spectroscopy [31] . It has been extensively used in seed protein and oil analysis, and the data generated has been commonly accepted as equivalent to the results of traditional chemical analysis in soybean breeding and research [17, 24, [32] [33] [34] [35] . Relatively speaking, DA 7250 is a high-quality and high-cost machine that allows as many as over 40 parameters to be analyzed simultaneously at a rate of 50-60 samples per minute. It is a good option for lab uses but it is not suitable to use in mobile status or field selection. Different from DA 7250, ZX-50 grain analyzer manufactured by the Zeltex Inc. in the USA [36] has a transmittance module and is a low-cost, affordable and small portable whole seed NIR analyzer that can determine moisture, protein and oil content at a rate of 40-50 samples per hour. It can be used in the field and a moving vehicle when it runs with battery. Similar to DA 7250, ZX-50 can be used for different crop species, such as corn, wheat, soybean and oilseeds. Therefore, we presumed that ZX-50 could be used in soybean breeding and in particular for single-plant selection. The aim of this study was, by analyzing seed protein and oil content using these two different NIR analyzers (DA 7250 and ZX-50), to explore the application of ZX-50 as a rapid, simple and affordable method to single plant evaluation and selection for seed protein and oil content in soybean breeding.
Materials and Methods

NIR Evaluations and Prediction Correcting of ZX-50 Methods
In total, 20 soybean entries with a large range of variation in 100-seed weight determined based on three subsamples were used in the study. Whole seed samples of 16 genotypes, mostly of maturity group V and VI except one from group 0 and one from group II, were taken from the bulk-harvested seeds of yield trials or crossing blocks in the same field at Virginia State University Randolph Research Farm in Ettrick, Virginia in 2016. For four of the 16 genotypes, additional whole seed samples designated as name _(a) were also taken from a different year and/or location to examine the consistency between different seed sources. Together, these 20 seed samples were treated as individual entries in analysis.
The protein and oil content of whole seed were determined using lab wet-chemistry methods [4, 5] , a DA 7250 NIR analyzer (Perten Instruments, Hägersten, Sweden) [31] and ZX-50 portable grain NIR analyzer (Zeltex, Inc., Hagerstown, Maryland) [36] . For the DA 7250, the calibrations used in this study were developed and updated by the manufacturer for both whole seed and ground samples, having a determination coefficient of 0.881 for protein and 0.824 for oil based on 3538 and 3276 samples, respectively. In the ZX-50, the original calibrations were installed by the manufacturer, with a suggestion for further calibration or correction of predictions to be needed in practical uses. In the meantime, another 25-mm sample cup of ZX-50 NIR analyzer was also modified by placing a piece of 1.2-1.5 cm thick foam material on the bottom and both insides of the cup to reduce the sample-holding space to a desired size, in order that single-plant samples (small as about 10-15 g of seeds) could be analyzed. The method using the modified sample cup in ZX-50 NIR analyzer was named as ZX-50 MC, relative to ZX-50, DA 7250, and wet-chemistry. For each entry, about 40 g whole seeds for DA 7250 and ZX-50 but 15 g used for ZX-50 MC and wet-chemistry were randomly taken from a single plot and analyzed. The analysis was repeated three times by each of the four methods. The seed moisture was also estimated at the same time, averaging 6-9%, and thus the seed protein and oil content were presented as g 100 g −1 on a dry weight basis (i.e., 0% moisture).
A complete randomized design with three replications was adopted in the statistical analysis. Entries and methods were treated as the main and fix effects, and replications were treated as random effects. Data processing was conducted using Microsoft Excel 2013. Analysis of variance (ANOVA) [37] was performed using PROC GLM in SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). A combined ANOVA including all data was performed to compare the results of the methods, but single ANOVA for individual methods was conducted separately to compare the differences among genotypes and calculate repeatability. The repeatability was estimated as
where σ g 2 = entry variance, σ e 2 = error variance, and r = number of subsamples or replications.
There was no significant difference observed between DA 7250 and wet-chemistry, both exhibiting a high consistency, and thus DA 7250 was regarded as the reference for further analysis in this study. The differences between ZX-50 or ZX-50 MC and DA 7250 were calculated for calibrating the results of ZX-50 methods. Since the differences in either protein or oil content between DA 7250 and the ZX-50 methods were found to vary with genotypes and were associated with seed sizes, a linear regression analysis was performed [38] . The linear regression equations computed between the difference and 100-seed weight were used to determine the biases for each entry. Then the corrected values of protein and oil content for ZX-50 and ZX-50 MC were calculated using the original readings and the biases given by the linear regression equations.
Validation and Application of ZX-50 Methods
A total of 760 seed samples were analyzed for protein and oil content as described above to validate the reliability and explore the application of ZX-50 MC methods in breeding. The samples evaluated were taken from four batches of different soybean seed types and sources of maturity group V and VI. Two of them were the mature seeds harvested after full maturity (R8 stage): 117 lines each with two replications were sampled from 2015 soybean yield trials and 147 lines without replication from 2016 trials. The seeds were stored in a cold storage room and the moisture of seed samples was mostly 6-9% when the analyses were performed. The other two sets of samples were the dried immature or edamame seeds collected from the same trials: 88 lines, 50 of which had two replications for 2015, and 127 lines, 114 of which had two replications for 2016. For the edamame samples, the fresh soybean pods were harvested at R6 stage when the pods were still green [33] . Then the samples were fully dried at 65 • C for 2-3 weeks and threshed to get the dried edamame seeds for analysis. The dried edamame seeds were stored under the room temperature and the moisture was mostly 6-8% when the samples were analyzed. Each sample of 25-30 g seeds was analyzed twice for protein and oil content using AD 7250 and ZX-50 MC, as described above, and 100-seed weight was determined on a scale as well. The original data of ZX-50 MC was corrected using the established regression equation based on the results of calibration with 20 entries.
Data processing was carried out in Microsoft Excel 2013, and ANOVA [37] was performed using PROC GLM in SAS version 9.4. Pearson correlation between DA 7250 and ZX-50 MC was computed based on genotype means for individual sample sets but on sample basis for a combined analysis of all 760 samples. Paired t-test was also computed to determine the significance of difference between DA 7250 and ZX-50 methods.
Furthermore, ZX-50 MC was also used to determine the seed protein and oil content in 240 single-plant samples to confirm its suitability to single plant selection. These single plants were selected from 2016 and 2017 breeding materials of maturity group IV, V and VI and then planted in plant rows in the following crop season. After planting, the remaining seeds were stored in a cold storage. For each of the 240 single plants, a whole-seed sample of 10-20 g was taken from the remaining seed, and the seed moisture was 7-9% when analyzed. Protein and oil content were determined twice for a same sample using ZX-50 MC and AD 7250 as described above. Hundred-seed weight was also determined. The corrected data of ZX-50 MC was calculated using the established regression equation as described above. Data processing, paired t-test and Pearson correlation analysis were performed in Microsoft Excel 2013.
Results and Discussion
NIR Predictions and Comparisons of Protein and Oil Content
With all the original data combined together, ANOVA showed that there were highly significant differences (p < 0.01) among the entries in both seed protein and oil content ( Table 1 ). The method x entry interaction was also significant. ANOVA with the original predictions indicated that the differences among methods were highly significant (p < 0.01) for both protein and oil content ( Table 1) , but no significant difference existed between DA 7250 and wet-chemistry. The wet-chemistry and DA 7250 methods exhibited a high correlation (r = 0.977 for protein and 0.960 for oil) ( Table 2 ). The absolute values of differences between these two methods were mostly less than 1.0 g 100 g −1 for protein content and 0.5 g 100 g −1 for oil content, respectively. Paired t-test also indicated that there was no significant difference between DA 7250 and the wet-chemistry. By analyzing separately for different methods, Table 2 presents the differences in prediction of protein and oil content by DA 7250 and ZX-50 methods. For DA 7250, overall the 20 entries, protein and oil content averaged 42.0 and 19.4 g 100 g −1 (compared to 41.8 and 19.5 g 100 g −1 of the wet-chemistry measurement), respectively, ranging from 32.3 to 47.3 g 100 g −1 for protein and from 16.6 to 23.1 g 100 g −1 for oil content ( Table 2 ). The ranges of variation in the two traits evaluated with DA 7205 also exhibited a high similarity to those by the wet-chemistry method (33.4-47.7 g 100 g −1 for protein and 17.0-23.1 g 100 g −1 for oil). The results evidently demonstrated that there was no significant difference but a high consistency between DA 7250 NIR analysis and the wet-chemistry measurement in evaluation of seed protein and oil content in soybean. Therefore, DA 7250 was then used as the reference for comparison and correction of the data predicted by ZX-50 and ZX-50 MC for further analysis. To have an overall comparison between the ZX-50 methods and DA 7250, the 20 entries analyzed were averaged for individual method. The averages of 20 entries in the predicted seed protein content by ZX-50 and ZX-50 MC were 36.3 and 34.8 g 100 g −1 , which were 5.7 and 7.2 g 100 g −1 less than that of DA 7250, respectively ( Table 2 ). The predicted values of oil content by ZX-50 and ZX-50 MC averaged 20.8 and 22.9 g 100 g −1 , respectively, and 1.4 and 3.5 g 100 g −1 higher than that of DA 7250. It seems that the original predictions by ZX-50 methods could not reflect the exact contents of protein and oil in the seeds. Moreover, the differences between the predictions of ZX-50 or ZX-50 MC and DA 7250 varied considerably with genotypes. This indicated that the predictions must be corrected and a single bias could not satisfy the need of correcting all the predictions in different genotypes.
Seed Size and Correction of Predictions by ZX-50 and ZX-50 MC
There was a large range of variation in seed size among the 20 entries used in this study. The 100-seed weight varied from 12.0 to 33.7 g, with an average of 20.0 g ( Table 3 ). The variation was larger than most of the ranges of 100-seed weight reported previously [39] [40] [41] [42] . Past research on selection for high seed protein have mostly tested genotypes with larger seed size but rarely included small seed genotypes with high seed protein [41] . Filho et al. [39] reported significant correlations between 100-seed weight and protein or oil content. However, no significant correlation between 100-seed weight and protein or oil content was also reported [40] . Poeta et al. [41] suggested two contrasting strategies based on seed size to increase protein: seeds with increased seed protein content in large seed genotypes, and seeds with reduced oil and carbohydrate contents in small seed genotypes. In general, large-seeded edamame or vegetable soybeans have higher protein but lower oil content than commercial grain-type soybeans [32] . In the present study, there was significant correlation observed between 100-seed weight and the predictions of protein or oil content in the 20 entries evaluated with DA 7250 and ZX-50 or ZX-50 MC. Therefore, we supposed that the seed size might affect the predictions [35] . Further analysis revealed that the differences in predictions of protein and oil content between ZX-50 or ZX-50 MC and DA 7250 were significantly correlated with seed sizes. For ZX-50, correlation coefficients between the differences and 100-seed weight were 0.827 in protein and 0.689 in oil, and for ZX-50 MC, the correlation coefficients were 0.790 in protein and 0.745 in oil. Different sizes of seed may lead to a changed interspace within the sample and thus affect the NIR detecting and collection of spectra [27] . Inclusion of genotypes covering a larger range of variation in seed size should help in the bias formulating. Therefore, the linear regression analysis was conducted based on the 100-seed weight and the differences of ZX-50 methods from DA 7250. As a result, the linear regression equations were formulated as:
for protein and y = 0.094x + 0.498
for oil for ZX-50, and y = 0.329x + 0.576
for protein and y = 0.131x + 0.913 (5) for oil for ZX-50 MC, where y = the difference between the predictions of ZX-50 methods and DA 7250, and x = the 100-seed weight.
Then, the linear regression equations were used to calculate the biases for individual genotypes and correct the predictions of protein and oil content accordingly. Based on the results of calibration with 20 entries, the regression equations were developed to correct the original data of predictions as follows: y = OV + (0.24x + 0.90) (6) for protein content, and y = OV − (0.09x + 0.50)
for oil content with ZX-50; and y = OV + (0.33x + 0.6)
for protein content, and y = OV − (0.13x + 0.9)
for oil content with ZX-50 MC, where y = the calibrated value, OV = the original value, and x = the 100-seed weight.
Subsequently, a joint ANOVA by combining all DA 7250 data and the corrected ZX-50 and ZX-50 MC data was performed. The results indicated that the difference between the methods were insignificant for both protein and oil content after data correcting, with F = 2.14 (p = 0.097) and 0.50 (p = 0.682), respectively (Table 1) . Tables 4 and 5 present the means and variations of the corrected values of protein and oil content predicted by ZX-50 and ZX-50 MC, respectively. After correcting, the predicted values by ZX-50 and/or ZX-50 MC methods were very similar or close to the data of DA 7250 for both protein and oil in most of the genotypes (Tables 3-5 ). It suggested that the calibrated predictions by ZX-50 methods could be regarded as an equivalent to that of DA 7250. By DA 7250 prediction, the coefficients of variation within a single genotype for protein content varied from 0.78% to 2.58%, with an average of 1.81%, and for oil content they averaged 2.21% with a range of 1.34-3.75% (Table 3) . Differences between two extreme observations for a single genotype averaged 2.50 g 100 g −1 for seed protein content and 1.48 g 100 g −1 for oil content. In addition, the differences in protein content between two extreme observations for a single genotype averaged 1.66 g 100 g −1 for ZX-50 and 1.30 g 100 g −1 for ZX-50 MC, which were smaller than that with DA 7250 (2.50 g 100 g −1 ). For oil content, the differences between two extreme observations with a single genotype averaged 1.71 g 100 g −1 for ZX-50 and 1.10 g 100 g −1 for ZX-50 MC, which were similar to that with DA 7250 (1.48 g 100 g −1 ). Overall, the coefficients of variation within a single genotype for protein content averaged 1.00%, ranging from 0.54% to 2.68% for ZX-50, and 1.26%, ranging from 0.41% to 2.11% for ZX-50 MC ( Table 4 ). For oil content, the coefficients of variation within a single genotype averaged 2.32% for ZX-50 and 2.24% for ZX-50 MC ( Table 5) , which were similar to that with DA 7250 in spite of a little larger coefficient of variation for a few genotypes. These results suggested that for the corrected predictions of protein and oil content by either ZX-50 or ZX-50 MC, the coefficients of variation within individual genotypes were also comparable to those of DA 7250.
Repeatability and Correlation
To further compare the consistency between ZX-50 or ZX-50 MC and DA 7250 in predicting protein and oil content, the repeatability of traits was computed based on the results of ANOVA. As shown in Table 2 , the repeatability of traits was very high for all the analysis methods used. For the corrected predictions by ZX-50 and ZX50-MC, it was 98.19-99.87%, highly comparable to that of DA 7250. Correlations between ZX-50 or ZX-50 MC and DA 7250 in predicting protein and oil content were also very high. After correcting the predictions, the correlation coefficients were 0.918-0.970 (Table 2 ). In addition, different sources of seed also exhibited a high consistency in the trend of predictions for the same genotypes. Consistent with DA7250, ZX-50 and ZX-50 MC after data correcting showed a lower protein content in Ellis, NC 346, Osage_(a) and N6206-8_(a) than that in the same genotypes with a different sample source Ellis_(a), NC 346_(a), Osage and N6206-8 (Tables 3-5 ). Compared to Ellis, a 1.3-2.0% lower oil content in Ellis_(a) was consistently predicted by all the three NIR methods. It suggested that the corrected predictions of ZX-50 methods could not only discriminate the difference between genotypes but also could detect the small difference within a same genotype between different seed sources.
Validation and Application of ZX-50 MC with Data Correcting in Bulk-Seed Samples
Using ZX-50 MC with the established equations for biases as described above, we evaluated a total of 760 samples in four batches of different bulk-seed samples for seed protein and oil content and compared the results with DA 7250, to validate the correctness and reliability and to explore the application of ZX-50 MC in breeding. Each set of the samples had a large variation in seed size ( Table 6 ). For the mature seed samples, 100-seed weights averaged 20.1 g with a range of 9.5-27.5 g for 2015, and 20.3 g ranging from 10.7 to 30.3 g for 2016. For the dried edamame seed samples, ranges of variation in 100-seed weight were 7.0-20.5 g for 2015 and 7.5-23.5 g for 2016, with an average of 12.8 and 12.6 g, respectively. ANOVA and/or paired t-tests indicated that the differences between ZX-50 MC and DA 7250 were mostly insignificant in the prediction of seed protein and oil content. The averages of predictions of seed protein and oil content by both ZX-50 MC with data correcting and DA 7250 are presented in Table 6 . The averages of predicted values by ZX-50 MC were similar or comparable to those of DA 7250 in most cases. With all the samples combined together, the ranges of variation for the corrected predictions by ZX-50 MC were comparable to those of DA 7250 as well ( Table 6 ). The correlation coefficients between ZX50 MC and DA 7250 were 0.732-0.873 for individual sample sets ( Table 6 ). With all the samples being combined together, the ranges of variation for the corrected predictions by ZX-50 MC were also comparable to those of DA 7250, and the correlations between ZX-50 MC and DA 7250 were high for both predictions (r = 0.700 for protein and 0.881 for oil) (Figure 1) . The results confirmed that ZX-50 MC could produce a good prediction of protein and oil content that was similar or comparable to those of DA 7250 in most cases. 
Validation and Use of ZX-50 MC in Single Plant Evaluation
In soybean, NIR measurements of protein and oil have been extensively used in basic research [17, 28, 32, 43] . These assessments have also been employed in the USDA Uniform Soybean Tests and Regional Quality Testes [44] [45] [46] . However, uses of NIR analysis of protein and oil for single plant selection have been rarely reported in practical breeding. Additionally, many NIR analyzers, such as Perten DA 7200 series and FOSS Infratec Grain Analyzers widely used in soybean research [17, 32, 45, 46] , need a lab-space and cannot be used directly in a non-lab place like seed threshing and processing room or the field. It is of interest to explore a fast, reliable, easy and portable nondestructive method that is particularly suitable for selection of single plants in breeding.
To explore the suitability and practical application of the ZX-50 MC method to single plant selection in soybean breeding, we analyzed 240 whole seed samples of single plants selected from breeding materials of maturity group IV, V and VI for protein and oil content using ZX-50 MC and DA 7250. Of these plants, the 100-seed weight averaged 20.3 g, varying from 8.9 to 37.8 g. The original predictions by ZX-50 MC averaged 35.2 and 23.6 g 100 g −1 for protein and oil content, respectively, which presented a difference of 7.5 and 3.3 g 100 g −1 from that of DA 7250 (Table 7) . However, the predictions of ZX-50 MC were substantially improved using the established regression equation as described above. The calibrated values of ZX-50 MC were very similar to DA 7250, with an average of 42.5 g 100 g −1 for protein and 20.1 g 100 g −1 for oil content, compared to 42.8 and 20.3 g 100 g −1 of DA 7250. No significant difference was revealed by t-test in pairwise comparison between DA 7250 and the corrected predictions of ZX-50 MC. Moreover, the calibration also increased the range of variation and the correlation coefficients between ZX-50 MC and AD 7250 predictions ( Table 7) . The range or difference between the extreme plants was increased from 8.1 to 12.6 g 100 g −1 for protein and 5.6 to 6.2 g 100 g −1 for oil content, compared to that of DA 7250 (13.1 and 7.5 g 100 g −1 ). The correlation coefficients between ZX 50-MC and AD 7250 were 0.777 for protein and 0.756 for oil content, respectively, compared to 0.632 and 0.653 with the uncorrected data.
We also noticed that the range of variation (8.9-37.8 g) in 100-seed weight among the 240 single plants was larger than those of all other sample sets used in this study, and was beyond the ranges reported previously in most other studies with few exceptions [39] [40] [41] . That said, the ZX-50 MC with established calibration could still provide reliable and accurate predictions of seed protein and oil content. Interestingly, no significant correlations were found between 100-seed weight and the original (uncorrected) predictions of protein (r = −0.054) or oil content (r = −0.020) in these single plants. However, after calibrating the predictions by ZX-50 MC, the correlations between 100-seed weight and protein and oil content were significant, r = 0.810 and -0.626, respectively, consistent with the results of DA 7250 and most other reports [2, 39, 41] . It indicated that the calibrations developed for the ZX-50 analyzer were appropriate and helped to reveal the real relationships between seed size and protein and/or oil content in soybean. These results further demonstrated that as a fast and Comparatively, a little less accurate prediction was observed for the dried edamame seed. It is understandable because no dried edamame sample was included in formulating the bias equations and this seed type with different shape might have an impact to some extent [27] . It might be also partially due to some samples with a very low 100-seed weight that was out of the range of variation among the 20 entries used to establish the bias equations. It suggested that more samples with broader variation of seed size and shape would help in developing new calibrations for accurate predictions.
In soybean, NIR measurements of protein and oil have been extensively used in basic research [17, 28, 32, 43] . These assessments have also been employed in the USDA Uniform Soybean Tests and Regional Quality Testes [44] [45] [46] . However, uses of NIR analysis of protein and oil for single plant selection have been rarely reported in practical breeding. Additionally, many NIR analyzers, such as Perten DA 7200 series and FOSS Infratec Grain Analyzers widely used in soybean research [17, 32, 45, 46] , need a lab-space and cannot be used directly in a non-lab place like seed threshing and processing room or the field. It is of interest to explore a fast, reliable, easy and portable non-destructive method that is particularly suitable for selection of single plants in breeding.
To explore the suitability and practical application of the ZX-50 MC method to single plant selection in soybean breeding, we analyzed 240 whole seed samples of single plants selected from breeding materials of maturity group IV, V and VI for protein and oil content using ZX-50 MC and DA 7250. Of these plants, the 100-seed weight averaged 20.3 g, varying from 8.9 to 37.8 g. The original predictions by ZX-50 MC averaged 35.2 and 23.6 g 100 g −1 for protein and oil content, respectively, which presented a difference of 7.5 and 3.3 g 100 g −1 from that of DA 7250 (Table 7) . However, the predictions of ZX-50 MC were substantially improved using the established regression equation as described above. The calibrated values of ZX-50 MC were very similar to DA 7250, with an average of 42.5 g 100 g −1 for protein and 20.1 g 100 g −1 for oil content, compared to 42.8 and 20.3 g 100 g −1 of DA 7250. No significant difference was revealed by t-test in pairwise comparison between DA 7250 and the corrected predictions of ZX-50 MC. Moreover, the calibration also increased the range of variation and the correlation coefficients between ZX-50 MC and AD 7250 predictions ( Table 7) . The range or difference between the extreme plants was increased from 8.1 to 12.6 g 100 g −1 for protein and 5.6 to 6.2 g 100 g −1 for oil content, compared to that of DA 7250 (13.1 and 7.5 g 100 g −1 ). The correlation coefficients between ZX 50-MC and AD 7250 were 0.777 for protein and 0.756 for oil content, respectively, compared to 0.632 and 0.653 with the uncorrected data. We also noticed that the range of variation (8.9-37.8 g) in 100-seed weight among the 240 single plants was larger than those of all other sample sets used in this study, and was beyond the ranges reported previously in most other studies with few exceptions [39] [40] [41] . That said, the ZX-50 MC with established calibration could still provide reliable and accurate predictions of seed protein and oil content. Interestingly, no significant correlations were found between 100-seed weight and the original (uncorrected) predictions of protein (r = −0.054) or oil content (r = −0.020) in these single plants. However, after calibrating the predictions by ZX-50 MC, the correlations between 100-seed weight and protein and oil content were significant, r = 0.810 and -0.626, respectively, consistent with the results of DA 7250 and most other reports [2, 39, 41] . It indicated that the calibrations developed for the ZX-50 analyzer were appropriate and helped to reveal the real relationships between seed size and protein and/or oil content in soybean. These results further demonstrated that as a fast and simple method, the estimation of seed protein and oil content with ZX-50 NIR analyzer would be comparable to DA 7250 but more suitable and usable for single plant selection in practical breeding.
Other Issues
For plant breeding application, whether a method is suitable depends on if it can detect the differences in phenotypic performance among the genotypes. It appears that DA 7250 and ZX-50 NIR analyzer would be suitable for evaluation and selection of seed protein and oil content since both can reveal the differences among the genotypes. However, accurate and precise measurements are preferred to obtain information that can be referred, particularly for a comparison among studies by different researchers. With the original calibration installed by the manufacturer, DA 7250 provides an accurate and precise prediction of seed protein and oil similar to the wet-chemistry measurement. Thus DA 7250 could be used as an alternate of the wet-chemistry technique in evaluation of seed protein and oil content. However, the original predictions of ZX-50 exhibited significant difference or errors, implying that it should be further calibrated in practical uses. This study was an attempt to explore and demonstrated the applicability of ZX-50 NIR analyzer in evaluation and selection of single plants for seed protein and oil content in soybean. Importantly, it reported, for the first time, that the errors of ZX-50 NIR analyzer in prediction of seed protein and oil content in soybean varied with genotypes, and the differences were associated with 100-seed weight, which was not observed with DA 7250 compared to the wet-chemistry method. Consequently, the bias corrections of predictions were developed based on 20 genotypes, which presented a range of 32.3-47.3 g 100 g −1 in protein content and 16.6-23.1 g 100 g −1 in oil content, and 12.0-33.7 g for 100-seed weight. The calibrations were validated in a total of 760 bulk samples from different seed types (mature seeds and dried edamame seeds) and environments or sources. These samples covered a larger variation of the traits: 33.0-49.8 g 100 g −1 for protein and 15.1-29.8 g 100 g −1 for oil content. Moreover, their suitability for single plant analysis was directly confirmed in 240 single plants of three maturity groups and with a large range of variation in protein and oil content as well as in seed size. Therefore, this work should be referred to other materials and/or studies. The proposed approach appears to be applicable to soybeans harvested in different years and/or locations as multiple-source samples were included. We would also suggest that the manufacturer should take the impact of seed size on the predictions into consideration when new calibrations are developed for the equipment.
In the present study, a difference between the two different sample sizes (i.e., the regular and modified sample cups) used in the same NIR analyzer ZX-50 was observed ( Table 2 ), suggesting that sample sizes might have an influence on the NIR predictions of seed composition [27] . We also noticed that there was a small or slight difference between the different sample cups used in DA 7250 with the same calibration for the same source of seeds, in particular for the micro mirror module that allows analysis of a very small sample as a few and even only a single seed [31] . These observations implied that it would be helpful for more accurate predictions to establish a separate calibration for different sizes of sample cups.
Due to high-cost and relatively clean operational conditions needed, it seems not appropriate to use DA 7250 in a seed threshing and processing area. Instead, ZX-50 is a better option that can allow immediate evaluation and selection for seed protein and oil composition. As discussed above, data of seed sizes or 100-seed weight is needed in the calibration of predictions by ZX-50 MC. In practice, 100-seed weight might not be so easily determined directly in the field. This restriction would preclude its use in the field selection. However, if there are a single-plant thresher and a scale available in the field, it would not be impossible to use a ZX-50 analyzer powered with battery in the field or in a moving truck.
In addition, the influence of seed colors on prediction of seed composition should also be considered in use of NIR measurements because the seed colors may interfere or prevent the light transmittance and/or the spectra capture [2] . In our experience, the prediction of DA 7250 was not affected by the seed colors. However, ZX-50 analyzer did not apply to deep-color seed like black and brown seeds, but it could analyze the seeds of yellow, green and other light colors. Therefore, deep color seeds were excluded in the present study.
Conclusions
There were highly significant differences among the genotypes in both seed protein and oil content in soybean for each of the methods used in this study, and the differences between wet-chemistry or DA 7250 and uncalibrated ZX-50 NIR methods were highly significant for both traits. DA 7250 and the wet-chemistry method exhibited no significant difference but a high correlation and consistency in evaluation of the seed protein and oil composition. DA 7250 may serve as an alternate of the wet-chemistry method in evaluation of seed protein and oil content. The differences or errors incurred with ZX-50 and ZX-50 MC methods were associated with seed sizes and could be satisfactorily corrected using the calibration formula developed accordingly. ZX-50 or ZX-50 MC with appropriate biases and correction could produce relatively accurate and reliable results of predicting seed protein and oil content, which are compared to that of DA 7250.
The established calibration for ZX-50 MC was validated in different types of seed samples and its application to single plants was further confirmed with the whole-seed samples of 240 single plants. Therefore, as a fast, simple and low-cost method, ZX-50 NIR analysis of seed protein and oil content would be applicable to soybean breeding and research, in particular suitable for single plant selection of whole seeds without damaging seeds and with no need of sample preparation. Nonetheless, one should keep in mind that to obtain accurate predictions, an appropriate bias formulation should be established in advance using a set of cultivars with divergent seed sizes and a large range of variation in the target traits. It is especially important when the materials to be analyzed have seed sizes different from those the manufacturer used in the development of the original calibrations. 
